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Abstract Long-term dynamics (1960–1997) of the cla-
doceran species Bosmina coregoni maritima, Evadne
nordmanni and Podon spp. are described for the Gdansk
Deep and the Gotland Basin (Central Baltic Sea). By
using correlation analyses on seasonal time-series, the
inﬂuence of temperature and salinity on the abundance
of cladoceran species was investigated. A clear aﬃnity to
higher temperature was found for B. coregoni maritima
in summer as well as for E. nordmanni and Podon spp. in
spring. In addition to temperature, association tests with
salinity revealed besides species-speciﬁc preferences, re-
gional and temporal diﬀerences. Contrary to B. coregoni
maritima, both other species were positively associated
to salinity in summer and autumn in the Gdansk Deep.
In the Gotland Basin only E. nordmanni was positively
correlated to salinity in autumn. Diﬀerences in the re-
sponse to hydrographic variables are possibly stage
speciﬁc, i.e. between resting eggs and adults, or due to a
diﬀerent adaptation to the abiotic environment.
Introduction
Cladocerans are usually an important group of crusta-
ceans in fresh waters, while in marine zooplankton they
are of comparatively little importance (Raymont 1983;
Egloﬀ et al. 1997). In themarine environment cladocerans
are represented by only three genera, Penilia, Podon and
Evadne. The latter two andBosmina coregonimaritima (cf.
B. longispina maritima), characteristic for dilute estuarine
waters, are found in the Baltic Sea (Ackefors 1971). These
crustaceans are extremely seasonal in abundance, with
highdensities usually in thewarmperiod (Raymont 1983).
The mechanism for reaching extreme population sizes is a
rapid parthenogenetic reproduction, which in case of the
taxonomic family Podonidae (including Podon and
Evadne) is accelerated by pædogenesis. At the end of the
reproductive season cladocerans switch to a gamogenic
reproductive mode and produce diapausing embryos
(‘‘resting eggs’’), which in marine environments usually
sink to the bottom. These eggs normally hatch in spring,
dependingmainly on temperature conditions (for a review
see Egloﬀ et al. 1997).
Salinity and temperature have been reported to
inﬂuence abundance and distribution of cladoceran
species, thereby partly deﬁning a unique species-speciﬁc
niche, which might additionally be speciﬁc for distinct
areas (Egloﬀ et al. 1997). Hydrography was found to
aﬀect brood size via body size (e.g. Hall 1964; Moraitou-
Apostolopoulou et al. 1986; Fofonoﬀ 1994), prenatal
mortality (e.g. Platt and Yamamura 1986; Fofonoﬀ
1994), birth rates (e.g. Onbe´ 1978; Fofonoﬀ 1994),
development times (e.g. Onbe´ 1978; Fofonoﬀ 1994),
molting (e.g. Hall 1964) and death rates (e.g. Fofonoﬀ
1994) as well as hatching of resting eggs (e.g. Onbe´ 1985).
In the Central Baltic Sea, the abiotic environment has
changed signiﬁcantly during the last decades. The sa-
linity level has decreased, due to a reduced frequency of
inﬂows of North Sea waters (Mattha¨us and Franck
1992; Mattha¨us and Schinke 1994) and increased runoﬀ
(Bergstro¨m and Carlsson 1994). Similar to temperature
conditions, changes in salinity are ultimately controlled
by climatic conditions (Ha¨nninen et al. 2000). Popula-
tion dynamics of various zooplankton species in diﬀer-
ent areas of the Baltic Sea were found to depend on
ambient salinity and temperature conditions (Viitasalo
et al. 1995; Vuorinen et al. 1998; Ojaveer et al. 1998;
Dippner et al. 2000; Mo¨llmann et al. 2000). Cladocerans
were investigated in this respect in detail only in the
northern Baltic (Vuorinen and Ranta 1987; Viitasalo
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et al. 1995; Vuorinen et al. 1998), whereas in studies of
the Central Baltic basins they were either treated as a
combined group (Mo¨llmann et al. 2000) or only related
to climate data (Dippner et al. 2000). In the present
study we, thus, explicitly investigated whether changes in
both temperature and salinity are coupled to abundance
trends of the considered species in the open-sea areas of
the two Central Baltic deep basins.
In this paper we ﬁrst present long-term trends in
abundance of B. coregoni maritima, Evadne nordmanni
and Podon spp. (representing the species P. polyphemo-
ides, P. leuckarti and P. intermedius) as well as temper-
ature and salinity for the Gdansk Deep and the Gotland
Basin. Secondly, by using correlation analyses, we dis-
cuss the association of changes in hydrographic param-
eters with the trends in abundance of cladoceran species.
Materials and methods
Cladoceran abundance
Seasonal time-series on cladoceran abundance were derived from a
database of the Latvian Fisheries Research Institute (LATFRI) in
Riga. Sampling was performed during seasonal surveys (mainly in
May, August and November) in the period of 1960–1997 using a
vertically operating Jeddy Net, which samples from a predeﬁned
depth to the surface (UNESCO 1968). The gear has a mesh size of
160 lm and an opening diameter of 0.36 m and was towed at a
maximum depth of 100 m.
For the present analysis available data were aggregated into
two ICES (International Council for the Exploration of the Sea)
subdivisions: subdivision 26 (LATFRI stations 46, 49, 51, 55, 64,
65 and 66) and ICES subdivision 28 (LATFRI stations 35–45 and
P1–P3), encompassing the Gdansk Deep with the southern Gotland
Basin and the central Gotland Basin, respectively (Fig. 1; for
numbers of stations included in the analysis per area and season see
Table 1).
In the laboratory, from two subsamples, specimens of a certain
species were enumerated and averaged to yield the number per
cubic meter. The size of the subsamples was chosen depending on
the abundances found in the original sample, ranging between 5%
and 20%.
Fig. 1. Central Baltic Sea with ICES subdivisions 26 and 28 as
well as stations covered within this study (circles zooplankton
sampling only; squares zooplankton sampling and hydrographic
measurements)
Table 1. Number of stations in each ICES subdivision covered per




Subdivision 26 71 66 73
Subdivision 28 203 204 133
Hydrography
Subdivision 26 82 77 75
Subdivision 28 196 208 186
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Hydrography
Time-series on salinity (psu) and temperature (C) were also com-
piled from the LATFRI database. Sampling was performed using a
water sampler (Nansen type; 1 l capacity) and a deep-sea reversing
thermometer, in 5- or 10-m steps. Salinity wasmeasured either by the
Knudsenmethod (until 1992) or with an inductive salinometer (since
1993). Hydrographic information was measured during various
seasonal cruises in the period 1961–1997 and at diﬀerent stations in
the Central Baltic (Table 1). For the present study, station-speciﬁc
information was aggregated according to the subareas described
above for cladocerans (ICES subdivision 26 – LATFRI stations 46,
49, 55; ICES subdivision 28 – LATFRI stations 37, 38a, 40, 40a, 43,
44, 45) (Fig. 1). Average values of hydrographic parameters were
calculated for the depth range 0–25 m, being the water layer mainly
inhabited by cladocerans (Sidrevics 1979, 1984).
Statistical analysis
Biological data were log transformed (log+1) to stabilize the
variance. Missing values were interpolated using a linear trend
regression (StatSoft 1996). The diﬀerent types of time-series were
compared by linear regression analysis. To account for autocor-
relation in the data we adjusted the degrees of freedom (df) in the
statistical tests using the equation by Chelton (1984), modiﬁed by
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where N* is the ‘‘eﬀective’’ number of degrees of freedom on the
time-series X and Y, N is the sample size and rXX(j) as well as rYY(j)
are the autocorrelation of X and Y at lag j. The latter were cal-
culated using an estimator by Box and Jenkins (1976):
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where X is the overall mean. We applied approximately N/5 of the
lags in Eq. 1, which ensures robustness of the method (Pyper and
Peterman 1998).
According to Pyper and Peterman (1998), high-frequency
‘‘noise’’ such as measurement errors may obscure detection of
common low-frequency variability. We thus smoothed the time-
series by a three-point running mean and used these mean values in
additional correlation analyses.
Since robustness of df adjustment methods can be compromised
by not accurately estimating the autocorrelation function (Fox et al.
2000), we additionally pre-whitened the log-transformed biological
time-series as well as the raw temperature series by ﬁrst-order
diﬀerencing (Thompson and Page 1989). This method removes sta-
tistically signiﬁcant autocorrelation while conserving the high-
frequency signal. Standard statistical tests are applicable to the
transformed time-series afterwards. We did not use this method for
correlation analyses with salinity, because ﬁrst-order diﬀerencing
decreases statistical power when using time-series with pronounced
low-frequency variability (Pyper and Peterman 1998), as is the case
for salinity.
We tested for the association between seasonal abundance of




Clear abundance peaks in summer were found for all
three cladoceran species (Fig. 2). Bosmina coregoni
maritima, not observed in spring, had the highest aver-
age abundance in summer, whereas Evadne nordmanni
constituted most of the cladoceran abundance in spring
and autumn. Podon spp. was in all seasons the least
abundant species. We found a similar seasonality for all
species in both investigated areas. A general rise in
abundance of B. coregoni maritima is visible in the
summer time-series until the late 1980s, with a decrease
in most recent years, especially in subdivision 28
(Fig. 3). In contrast, autumn abundances exhibited a
general downward trend, with abundance values in
subdivision 26 being more stable than in subdivision 28.
The abundance of E. nordmanni was more variable in
spring and autumn compared to the season of peak
abundance in summer (Fig. 4). We found spring abun-
dances to generally increase and the summer time-series
to be relatively stationary, with the exception of 0-values
in the 1990s in subdivision 26. Abundances in autumn
were observed to generally decline, especially in the
1990s.
Similar time-trends as for E. nordmanni were found
for Podon spp. in all three seasons (Fig. 5). Compared to
the former species, the latter exhibited a more pro-
nounced increase in standing stocks in the 1990s during
spring.
Fig. 2a, b. Bosmina coregoni maritima, Evadne nordmanni, Podon
spp. Long-term seasonal means of abundance cladoceran species in
subdivisions 26 (a) and 28 (b). Error bars: standard errors
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Hydrography
Average temperatures in the upper 25 m were found to
be highly variable and strongly synchronized between
the two subareas (Fig. 6). Generally three peaks were
observed in all seasonal time-series, however, most
pronounced in spring. High temperatures appeared
regularly in the middle of the 1970s and 1980s. Maxi-
Fig. 3a–d. Bosmina coregoni
maritima. Log abundance time-
series: a summer, subdivi-
sion 26; b summer, subdivi-
sion 28; c autumn,
subdivision 26; d autumn,
subdivision 28. Superimposed
solid lines represent a three-
point running mean
Fig. 4a–f. Evadne nordmanni.
Log abundance time-series:
a spring, subdivision 26;
b spring, subdivision 28; c sum-
mer, subdivision 26; d summer,
subdivision 28; e autumn,
subdivision 26; f autumn,
subdivision 28. Superimposed
solid lines represent a three-
point running mean
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mum temperatures were recorded mostly in the late
1980s/beginning of the 1990s.
In contrast to temperature, salinity was found to be
less variable and exhibited distinct time-trends (Fig. 7).
A rise in salinity was recorded until the late 1970s, being
more continuous in subdivision 26, while in subdivi-
sion 28 an intermediate decline in the middle of the
1970s appeared. Since the beginning of the 1980s, all
time-series have shown a drastic decrease in salinity.
Correlation analyses
Temperature
Test of association among B. coregoni maritima abun-
dance and temperature in summer revealed a signiﬁcant
relationship (P<0.05) in subdivision 26, using the
original time-series as well as the ﬁrst-order diﬀerenced
data (Table 2). This was not the case in subdivision 28;
however, correlations were close to being signiﬁcant
(Table 2). We found highly signiﬁcant relationships
(P<0.01) between E. nordmanni and Podon spp. spring
abundance and temperature in both subareas by apply-
ing all methods. The only exception appeared with the
ﬁrst-order diﬀerenced time-series of Podon spp. in sub-
division 26 (Table 2).
Salinity
Tests of synchrony among standing stocks of B. coregoni
maritima and salinity showed a positively signiﬁcant
relationship in summer in subdivision 28 when using the
smoothed time-series. In subdivision 26 no signiﬁcant
association could be detected. None of the correlations
using the autumn time-series were signiﬁcant; however,
most showed positive relationships (Table 3).
E. nordmanni and Podon spp. abundances in subdi-
vision 26 were, in general, signiﬁcantly positive in rela-
tionship to salinity in summer and autumn (Table 3). In
contrast to the more southerly situated subarea, we
rarely found signiﬁcant associations in subdivision 28;
an exception is the E. nordmanni abundance and salinity
correlation in autumn (Table 3).
Conspicuous results are the negative correlation co-
eﬃcients for E. nordmanni and Podon spp. in subdivi-
sion 28 in spring; however, the results are not signiﬁcant.
Similar correlation values were obtained for subdivi-
sion 26, but somewhat less pronounced.
Fig. 5a–f. Podon spp. Log
abundance time-series: a spring,
subdivision 26; b spring, subdi-
vision 28; c summer, subdivi-
sion 26; d summer,
subdivision 28; e autumn, sub-
division 26; f autumn, subdivi-
sion 28. Superimposed solid




The average seasonal abundance of Bosmina coregoni
maritima found within this study was well in agreement
with abundances reported for the Finnish Archipelago
Sea (Vuorinen and Ranta 1987; Viitasalo et al. 1995),
while they were signiﬁcantly higher than those reported
for the northeastern coast of Sweden (Kankaala 1983).
Abundances of Evadne nordmanni and Podon spp. were
low compared to values found in the northern Baltic
(Vuorinen and Ranta 1987; Viitasalo et al. 1995) as well
as in Kiel Fjord (Poggensee and Lenz 1981).
Sampling for the presented data set was performed
only three times a year, due to the high eﬀort required in
sampling in these open-sea areas. Contrary to other
long-term time-series from the Baltic Sea, carried out in
coastal areas (e.g. Viitasalo et al. 1995), the sampling
strategy allowed us to cover a number of stations, thus
integrating, to some degree, the mesoscale variability
known to occur (Behrends et al. 1994) and accounting
for the potential eﬀect of advective transport on zoo-
plankton abundance. Sampling on a seasonal basis may
have the shortcoming that the seasonal variability of
certain mesozooplankton species is not accurately rep-
resented in the samples. This could be especially true for
cladocerans that reproduce extremely rapidly. However,
as found in the northern Baltic, with a sampling fre-
quency of three times a month, the increase in popula-
tion abundance in spring is not very steep and the time
window of the peak abundance in summer is relatively
broad. It is thus very unlikely that the sampling was
unable to resolve the seasonal variability. Furthermore it
is unlikely that deviations in survey timing in relation to
the onset of the reproduction in spring or the time pe-
riod of peak abundance in summer introduced signiﬁ-
cant variability in the seasonal time-series.
Correspondingly the within-season variations (indicated
by error bars in Fig. 2) are lower than the between-
season variations, at least for B. coregoni maritima and
Podon spp. A further indication of the reliability of the
observed abundance trends is the fact that, in general,
very similar trends were found in both investigated ba-
sins, treated as independent study areas in our analysis.
The observed peak in abundance for all cladoceran
species in summer conﬁrms results derived in the
northern Baltic (Kankaala 1983; Vuorinen and Ranta
1987; Viitasalo et al. 1995). This demonstrates clearly
that high temperatures have positive eﬀects on the
population dynamics of these crustaceans (Allan 1976).
The dominant species in summer was B. coregoni mari-
tima, whereas in spring and autumn E. nordmanni was
Fig. 6a–f. Time-series of
temperature (0–25 m): a spring,
subdivision 26; b spring, subdi-
vision 28; c summer, subdivi-
sion 26; d summer,
subdivision 28; e autumn,
subdivision 26; f autumn,
subdivision 28. Superimposed
solid lines represent a three-
point running mean
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most abundant. This is explainable by the characteristic
preferences of the diﬀerent species. B. coregoni maritima
is one of the few endemic forms in the Baltic Sea origi-
nating from freshwater (Kankaala 1983). The species
may thus be best adapted to the prevailing low-salinity
conditions. On the contrary E. nordmanni and Podon
spp. are considered to be ‘‘marine cladocerans’’ and are
thus more conﬁned to higher salinities (Egloﬀ et al.
1997). E. nordmanni is known as especially eurythermic
and euryhaline (Bryan and Grant 1979), which explains
its relatively constant occurrence throughout the year.
Podon spp. prefer higher salinities (Bryan and Grant
1979), which may explain the overall low abundances
relative to B. coregoni maritima and E. nordmanni.
Our association tests between cladoceran abundance
and temperature, with signiﬁcant positive correlations
for E. nordmanni and Podon spp. in spring and
B. coregoni maritima in summer, conﬁrm results of
earlier studies in coastal areas of the western (Poggensee
and Lenz 1981) and northern Baltic (Kankaala 1983;
Vuorinen and Ranta 1987; Viitasalo et al. 1995). E.
nordmanni and Podon spp. already appeared in the
plankton in spring, and higher temperatures initiated
hatching of neonates from resting eggs (Iwasaki et al.
1977) and supported population growth (Allan 1976).
The same is true for B. coregoni maritima, but later in
the summer, which indicates that a higher temperature is
generally necessary for the population development of
this species compared to the two podonid species. This is
conﬁrmed by the diﬀerent optimum temperature ranges:
14–18C for B. coregoni maritima found in the Baltic
(Ciszewski 1984) and 11–15C for E. nordmanni as well
as >8C for Podon spp. inhabiting Chesapeake Bay
(Bryan and Grant 1979).
In contrast to temperature, the results of correlation
analyses with salinity were less conclusive. Signiﬁcant
positive relationships were derived for E. nordmanni and
Podon spp. in summer and autumn in subdivision 26,
whereas in subdivision 28 only the former species
showed a positive association and only in autumn. We
could not ﬁnd any signiﬁcant correlation between the
podonid cladocerans and salinity in spring. The gener-
ally insigniﬁcant association of B. coregoni maritima
with salinity indicates that the salinity range encoun-
tered by this species in the investigated areas is not
critical. According to Ackefors (1969, 1971), the optimal
range for B. coregoni maritima is 2–8 psu; the encoun-
tered conditions were thus in the upper part of this
range, but never above. In contrary, the optimal salinity
range found for E. nordmanni in Chesapeake Bay is
considerably higher (>20 psu) and even higher for Po-
don spp. (>25 psu) (Bryan and Grant 1979). Assuming
these ranges to be valid also for the Central Baltic, where
salinities are well below these values, increasing salinities
Fig. 7a–f. Time-series of salin-
ity (0–25 m): a spring, subdivi-
sion 26; b spring, subdivision
28; c summer, subdivision 26;
d summer, subdivision 28;
e autumn, subdivision 26; f au-
tumn, subdivision 28. Superim-
posed solid lines represent a
three-point running mean
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will be favorable for the development of these cladoc-
eran species. This is reﬂected in the signiﬁcant positive
relationships for abundances of E. nordmanni and Podon
spp. with salinity in the Gdansk Deep in summer and
also in autumn. From our data no signiﬁcant eﬀect of
salinity on population development of E. nordmanni and
Podon spp. in spring is indicated. This seasonal diﬀer-
ence in association with salinity may point to diﬀerent
conditions conducive to the hatching of resting eggs in
spring and to population growth later in the year. Cor-
relation analyses of cladoceran abundance and salinity
in the northern Baltic revealed signiﬁcant negative re-
lationships with salinity for B. coregoni maritima and
Podon polyphemoides biomass (Viitasalo et al. 1995),
contradicting our ﬁndings. However, the study did not
include the period of the pronounced decrease in salinity
Table 2. Correlation tests among cladoceran abundance and temperature time-series in ICES subdivisions 26 and 28 (N sample size;
N* ‘‘eﬀective’’ number of degrees of freedom; r Pearson’s correlation coeﬃcient; P associated probability; * signiﬁcant at 5% level;











Summer 35 32 0.39 0.022* 33 16 0.43 0.014 0.39 0.024*
Autumn 36 26 0.01 0.939 34 11 –0.26 0.136 0.22 0.210
Evadne
nordmanni
Spring 33 31 0.58 <0.001** 31 12 0.71 <0.001** 0.41 0.019*
Summer 35 31 –0.16 0.927 33 17 0.07 0.685 0.04 0.823
Autumn 36 29 –0.05 0.773 34 15 –0.11 0.528 –0.08 0.704
Podon spp. Spring 33 29 0.50 0.003** 31 12 0.70 <0.001** –0.08 0.669
Summer 35 34 –0.08 0.655 33 21 0.14 0.431 0.27 0.125





Summer 37 35 0.27 0.106 35 15 0.25 0.154 0.32 0.059
Autumn 37 32 0.17 0.323 35 15 –0.01 0.990 0.23 0.179
Evadne
nordmanni
Spring 37 32 0.59 <0.001** 35 14 0.73 <0.001** 0.47 0.004**
Summer 37 35 –0.13 0.438 35 15 –0.09 0.601 –0.09 0.593
Autumn 37 31 0.11 0.521 35 17 0.19 0.269 0.01 0.967
Podon spp. Spring 37 32 0.63 <0.001** 35 12 0.79 <0.001** 0.44 0.008**
Summer 37 35 0.17 0.318 35 15 0.09 0.596 0.26 0.130
Autumn 37 33 0.20 0.240 35 18 0.38 0.023 –0.09 0.590
Table 3. Correlation tests among cladoceran abundance and salinity time-series in ICES subdivisions 26 and 28 (N sample size;
N* ‘‘eﬀective’’ number of degrees of freedom; r Pearson’s correlation coeﬃcient; P associated probability; * signiﬁcant at 5% level;
** signiﬁcant at 1% level)
Df-adjusted statistics (log time-series) Df-adjusted statistics (smoothed log time-
series)




Summer 35 23 0.16 0.346 33 12 0.14 0.446
Autumn 36 13 0.45 0.006 34 6 0.64 <0.001
Evadne nordmanni Spring 33 18 –0.05 0.793 31 9 –0.01 0.961
Summer 35 17 0.73 <0.001** 33 12 0.74 <0.001**
Autumn 36 17 0.51 0.002* 34 9 0.74 <0.001**
Podon spp. Spring 33 19 –0.08 0.668 31 9 –0.15 0.424
Summer 35 27 0.60 <0.001** 33 16 0.74 <0.001**




Summer 37 21 0.25 0.142 35 11 0.56 <0.001*
Autumn 37 18 0.35 0.035 35 8 0.59 <0.001
Evadne nordmanni Spring 37 23 –0.25 0.142 35 13 –0.39 0.022
Summer 37 24 0.17 0.321 35 10 0.23 0.185
Autumn 37 18 0.50 0.002* 35 9 0.64 <0.001*
Podon spp. Spring 37 20 –0.22 0.196 35 9 –0.32 0.062
Summer 37 24 0.18 0.299 35 11 0.44 0.009
Autumn 37 20 0.10 0.566 35 10 0.14 0.432
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in the Baltic (since the late 1980s), and a prolongation of
the time-series did not conﬁrm the signiﬁcant negative
correlation between Podon spp. and salinity (Vuorinen et
al. 1998). Nevertheless, Vuorinen et al. (1998) found a
signiﬁcant negative relation of B. coregoni maritima to
salinity, although weaker than described earlier by Vi-
itasalo et al. (1995). Explaining the diﬀerences between
studies, regions and seasons remains rather speculative.
A potential explanation is the distinct adaptation of the
species studied to their regional physical environments,
indicating diﬀerent populations.
In summary this study revealed the dynamics of cla-
doceran species in Central Baltic open-sea areas to be
associated with ambient temperature and salinity con-
ditions. Especially the decrease in salinity is associated
with negative cladoceran abundance trends in summer
and autumn. For a full understanding of the long-term
dynamics of these crustaceans other factors such as food
availability, oxygen conditions in the bottom-water
(possibly triggering hatching of resting eggs; Kankaala
1983) and predation (e.g. pelagic clupeid ﬁsh, medusae,
larval and 0-group ﬁsh) have to be investigated. How-
ever, as the hydrographic changes were very pronounced
in the Central Baltic Sea (Helcom 1996), these other
factors are likely to be of limited importance for the
population dynamics of cladocerans in this area.
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